By using functional lactose permease devoid of native Cys residues with a discontinuity in the periplasmic loop between helices VII and VIII (N 7 / C 5 split permease), cross-linking between engineered paired Cys residues in helices VII and X was studied with the homobifunctional, thiol-speci®c cross-linkers 1,1-methanediyl bismethanethiosulfonate (3 A Ê ), N,N H -ophenylenedimaleimide (6 A Ê ) and N,N H -p-phenylenedimaleimide (10 A Ê ). Mutant Asp240 3 Cys (helix VII)/Lys319 3 Cys (helix X) cross-links most ef®ciently with the 3 A Ê reagent, providing direct support for studies indicating that Asp240 and Lys319 are in close proximity and charge paired. Furthermore, cross-linking the two positions inactivates the protein. Other Cys residues more disposed towards the middle of helix VII cross-link to Cys residues in the approximate middle of helix X, while no cross-linking is evident with paired Cys residues at the periplasmic or cytoplasmic ends of these helices. Thus, helices VII and X are in close proximity in the middle of the membrane. In the presence of ligand, the distance between Cys residues at positions 240 (helice VII) and 319 (helix X) increases. In contrast, the distance between paired Cys residues more disposed towards the cytoplasmic face of the membrane decreases in a manner suggesting that ligand binding induces a scissors-like movement between the two helices. The results are consistent with a recently proposed mechanism for lactose/H symport in which substrate binding induces a conformational change between helices VII and X, during transfer of H from His322 (helix X)/Glu269 (helix VIII) to Glu325 (helix X).
Introduction
Secondary active transport proteins are a major class of membrane transport proteins from Archaea to the mammalian central nervous system. These polytopic proteins transduce the free energy stored in electrochemical ion gradients into a substrate concentration gradient. The lactose permease from Escherichia coli (LacY), 1 a paradigm for these proteins, catalyzes the coupled stoichiometric translocation of b-galactosides and H (lactose/H symport). 1 ± 4 LacY has been solubilized, puri®ed to the homogenity, reconstituted into proteoliposomes and demonstrated to be completely functional 5 as a monomer. 6 LacY contains 12 a-helical transmembrane domains of different lengths 7, 8 that traverse the membrane in zig-zag fashion connected by hydrophilic loops with the N and C termini on the cytoplasmic face of the membrane ( Figure 1 ). 9, 10 In order to begin to understand the mechanism of lactose/H symport, helix packing, the essential side-chains and their interactions must be deter-mined at a minimum. Membrane proteins are particularly dif®cult to crystallize, and a high-resolution structure of LacY is not available at present. However, by combining molecular biological techniques such as site-directed and Cys-scanning mutagenesis with a battery of biochemical and biophysical approaches, a number of insights have been achieved: 11 ± 13 (1) Of the 417 amino acid residues in LacY, only six are irreplaceable for lactose/ H symport: Glu126 (helix IV) and Arg144 (helix V) which are critical for substrate binding, and Glu269 (helix VIII), Arg302 (helix IX), His322 and Glu325 (helix X) which are essential for H translocation and coupling. (2) Tertiary structure at the level of helix-packing, as well as the relationship between the irreplaceable residues, has been determined. (3) Positions accessible to water have been revealed. (4) Positions where the reactivity of the Cys replacement is increased or decreased by ligand binding have been identi®ed. (5) Although the helices are relatively stable, the tertiary interactions between them are much more labile. (6) Based on these results and the properties of mutants in the six irreplaceable residues, a working model describing the mechanism for lactose/ H symport has been formulated. Among the biochemical and biophysical approaches utilized, thiol-speci®c cross-linking is a particularly powerful technique for obtaining information about helix packing, as evidenced by the correlation between ®ndings obtained from thiol cross-linking and the crystal structures of both visual rhodopsin 14, 15 and the Ca 2 -ATPase. 16, 17 In order to measure cross-linking with LacY, the protein is expressed in two contiguous, non-overlapping fragments (split permease), each with a single Cys residue on either side of the discontinuity. 18 ± 28 Alternatively, a factor Xa protease site(s) is inserted into a hydrophilic loop. 29 ± 31 Proximity between paired Cys residues is then readily assayed in situ in the absence or presence of ligand by disul®de formation or chemical cross-linking.
In addition to providing information about helix packing, thiol cross-linking can also provide insight into ligand-induced conformational changes. Studies indicate that Asp240 (helix VII) is charge paired with Lys319 (helix X).
32 ± 37 Furthermore, in a recently proposed mechanism for LacY, 13, 38, 39 it is postulated speci®cally that the distance between Lys319 and Asp240 increases as a result of ligand binding which is also consistent with site-directed¯uorescence studies showing that ligand binding induces a change in the local environment of helix X. 40 Finally, the periplasmic end of helix VII has been shown to lie in close proximity to the periplasmic ends of helices I and II, and upon addition of ligand, the distance between the periplasmic end of helix VII and both helices I and II increases. 18 ± 21 Here, proximity between helices VII and X is further documented by studying thiol cross-linking in LacY expressed in two non-overlapping fragments with a discontinuity in the periplasmic loop between helices VII and VIII (N 7 /C 5 split LacY). 41 The results demonstrate that a Cys residue in helix VII at position 240 cross-links to a Cys residue in helix X at position 319, thereby providing strong support for the contention that the two native residues are charge paired. Moreover, cross-linking inactivates. In addition, helices VII and X cross-link in the approximate middle of the membrane, but not at the periplasmic or cytoplasmic ends. Finally, ligand binding increases the distance between Cys residues at positions 240 and 319 and decreases the distance between Cys pairs more disposed towards the cytoplasmic ends of the two helices which is consistent with the notion that there is a scissorslike movement between the two helices.
Results
Active transport N 7 /C 5 split LacY in the Cys-less background catalyzes lactose transport to a steady-state level that is approximately 50 % of intact Cys-less permease. Each paired-Cys mutant in the N 7 /C 5 background accumulates lactose to a steady-state that is 30-50 % of a functional LacY devoid of eight native Cys residues (Cys-less LacY) (data not shown). Single-Cys mutants D240C (helix VII) and K319C (helix X) fail to accumulate lactose; however, the double-Cys mutant at both positions exhibits signi®cant activity when introduced into intact Cys-less LacY.
11,32 D240C/K319C in N 7 /C 5 LacY exhibits about 30 % of the activity of Cys-less LacY (data not shown).
Cross-linking of paired Cys residues in helices VII and X Paired Cys residues were placed throughout helices VII and X (Figures 1 and 6 ). When N 7 /C 5 split LacY with paired Cys mutants is subjected to SDS-PAGE and electroblotting without cross-linking, the C 5 fragment which reacts with anti-Cterminal antibody migrates at an M r of about 18 kDa, while cross-linked N 7 /C 5 migrates at an M r of about 32 kDa (Figure 2) . In order to minimize backbone motion, 42 cross-linking was carried out at 0 C. Although all of the data are not shown, each blot was quanti®ed by densitometry.
As shown in Figure 2 Cys pairs Y236C/M323C, Y236C/V326C and S233C/V326C which should be located on the 
Ligand-induced changes
In the absence of ligand, Cys pair D240C/K319C cross-links most effectively with MTS-1-MTS, less effectively with o-PDM and least effectively with p-PDM (Figures 2(a) and 3(a) ). Strikingly, in the presence of the high af®nity analog b,D-galactopyranosyl 1-thiol-b,D-galactopyranoside (TDG) cross-linking with MTS-1-MTS clearly decreases, while cross-linking with o-PDM in particular, but with p-PDM as well, clearly increases (Figure 3(a) ). Thus, ligand binding increases the distance between Cys residues at positions 240 and 319 from about 3 A Ê to about 6 A Ê .
In the absence of TDG, Cys pair Y236C/M323C exhibits similar cross-linking ef®ciency with MTS-1-MTS or o-PDM and less ef®cient crosslinking with p-PDM (Figures 2(b) and 3(b) ). In the presence of TDG, however, increased cross-linking is observed with MTS-1-MTS, and less ef®cient cross-linking is observed with o-PDM or p-PDM (Figure 3(b) ), indicating that ligand binding induces a movement causing the thiol groups at positions 236 and 323 to move from 3-6 A Ê to about 3 A Ê .
With the Y236C/V326C Cys pair, no cross-linking is observed with MTS-1-MTS, and o-PDM cross-links more effectively than p-PDM in the absence of ligand (Figures 2(c) and 3(c) ). In the presence of ligand, increased cross-linking ef®ciency is observed with o-PDM, and cross-linking by p-PDM becomes undetectable (Figure 3(c) ), indicating that the thiol groups at positions 236 and 326 move from 6-10 A Ê to 6 A Ê upon ligand binding.
Without ligand, Cys pair S233C/V326C crosslinks more ef®ciently with p-PDM than with o-PDM (Figures 2(d) and 3(d) ). However, in the presence of TDG, cross-linking ef®ciency with o-PDM increases, and a reciprocal decrease in p-PDM cross-linking is observed (Figure 3(d) ). The results clearly suggest that the Cys residues at positions 233 and 326 move closer by about 4 A Ê upon occupancy of the substrate-binding site.
In order to compare the effect of ligand on crosslinking more precisely, time courses of cross-linking with mutant D240C/K319C were measured quantitatively with MTS-1-MTS and o-PDM ( Figure 4 ). As shown, the rate of cross-linking is approximates linearity over the ®rst 20 minutes and subsequently decreases. Moreover, it is clear that within linear range, TDG signi®cantly decreases MTS-1-MTS cross-linking ef®ciency, while o-PDM exhibits increased ef®ciency. Similar time courses are observed for each of the other paired Cys mutants shown in Figure 3 , and in each case, the effect of TDG observed at 20 minutes for each cross-linking agent is similar to that observed at ten minutes (data not shown). In order to study the effect of cross-linking between helices VII and X on transport, whole cells with D240C/K319C LacY were treated with EDTA to permeabilize the outer membrane, and crosslinking was carried out with o-PDM at 0 C for 20 minutes. As shown in Figure 5(a) , the pair exhibits much more ef®cient cross-linking compare with that observed in membranes, and quanti®cation reveals over 80 % cross-linking. Furthermore, active transport by mutant D240C/K319C is almost completely inactivated ( Figure 5(b) ). Because neither mutant D240C/K319A nor D240A/K319C loses activity after treatment with the cross-linking agent, the results demonstrate that inactivation is due speci®cally to cross-linking of the Cys residues at positions 240 and 319.
Discussion
Second-site suppressor analysis 33 
Cross-linking Between Helices VII and X in LacY
Asp237 (helix VII) is ion paired with Lys358 (helix XI) and that Asp240 (helix VII) is ion paired with Lys319 (helix X). Although LacY mutant D237H/ K358H binds Mn 2 , providing physical evidence that the two positions are in close physical proximity, no such evidence has been obtained for positions 240 and 319. 45 We demonstrate here with N 7 /C 5 LacY containing Cys pair D240C/K319C that these two positions are in close physical proximity by site-directed thiol cross-linking in situ. Thus, paired Cys residues at positions 240 and 319 are cross-linked by the homobifunctional crosslinking agents MTS-1-MTS (3 A Ê ), o-PDM (6 A Ê ) or p-PDM (10 A Ê ), and the distance between the two thiol groups is close to 3 A Ê , since MTS-1-MTS clearly cross-links most ef®ciently.
In situ thiol cross-linking also indicates that the periplasmic end of helix VII is close to helices I, 18, 21 II, 18 ± 20 III, 25 IV 23 and V, 22 thereby placing helix VII near the center of the 12-helix bundle at the periplasmic face of the membrane. 13 Towards the middle of helix VII, the presence of ion-pairs between Asp240 (helix VII) and Lys319 (helix X), as well as Asp237 (helix VII) and Lys358 (helix XI), indicates that helix VII is in close proximity to helices X and XI at the approximate middle of the membrane. However, more extensive data regarding these spatial relationships is lacking. When paired Cys residues are placed at the positions near the middle of the two helices on the same face as Asp240 and Lys319, respectively, cross-linking is also observed with Cys pairs Y236C/V326C, Y236C/M323C and S233C/V326C ( Figure 6 ). The ®ndings are consistent with those obtained with the D240C/K319C pair and suggest strongly that helices VII and X are in close physical proximity in the middle of the membrane. In contrast, when paired Cys residues are placed near the cytoplasmic and periplasmic ends of the two helices, no cross-linking is detected, indicating that helices VII and X tilt away from each other at the periplasmic and cytoplasmic face. Taken together, the ®nd-ings are consistent with the following: (1), the periplasmic end of helix VII is close to the periplasmic ends of helices I, II, III, IV and V; (2), the middle of helix VII is close to the middle of helices X and XI; and (3), the cytoplasmic end of helix VII extends beyond the interface with helix X towards helices VIII and possibly IX. 13 Cross-linking between paired Cys residues in helices VII and X also reveals a ligand-induced conformational change at the interface between the two helices. As shown in Figures 3 and 4 , the cross-linking ef®ciency of the reagents used with the different Cys pairs is altered in a systematic fashion by the presence of ligand. With the D240C/K319C pair, ligand binding decreases cross-linking ef®ciency with the 3 A Ê reagent MTS-1-MTS and increases ef®ciency with o-PDM (6 A Ê ), as well as p-PDM (10 A Ê ). Thus, the inter-thiol distance between Cys residues at positions 240 and 319 increases from about 3 A Ê to about 6 A Ê . In contrast, with Cys pair Y236C/M323C, TDG decreases cross-linking ef®ciency with o-PDM and p-PDM, and increases cross-linking ef®ciency with MTS-1-MTS, indicating that positions 236 and 323 move from 3-6 A Ê to about 3 A Ê upon ligand binding. Moreover, TDG increases cross-linking ef®ciency by o-PDM with Cys pair V236C/V326C and decreases p-PDM ef®ciency, and a similar effect is observed with Cys pair S233C/V326C. Since the inter-thiol distance between positions 240 and 319 increases in the presence of ligand, while the interthiol distance between the three other pairs which are more cytoplasmically disposed decreases, it seems reasonable to conclude that the most likely movement taking place between helices VII and X upon ligand binding is scissors-like. However, although helix VII probably becomes less tilted upon ligand binding, since the periplasmic end is displaced from helices I and II 18 ± 21 and a similar displacement occurs at the middle of helices VII and X, helix X may undergo primarily rotational movement. 40 Clearly, more data must be accumulated before the movement of helices VII and X or any of the other helices in LacY can be described with any real precision. In any case, it is apparent that ligand binding induces movements in both helices VII and X, a conclusion that is completely consistent with a recently proposed mechanism for LacY. 38 In the proposed model, it is postulated speci®cally that ligand binding induces a conformational change that breaks the interaction between Lys319 and Asp240 and that re-establishment of the charge-pair subsequent to release of substrate and H may act in part to stabilize the lowest free energy conformation of LacY. 13 The conclusions here are based on the premise that Cys cross-links are a measure of proximity. However, it should be emphasized that cross-link formation detects dynamic collisions and chemical reactions between residues, not simply their proximities. For example, Cys pairs that frequently undergo collisions and are highly chemically reactive could form cross-links at a relatively rapid rate, even though they may be distant in the average structure. On the other hand, a strong correlation is expected between collision rates and proximity, 46 and it is likely that proximities between loops are estimated by cross-linking, par- Cross-linking Between Helices VII and X in LacY ticularly when the type of reciprocal changes observed in these studies with cross-linking agents of various lengths are observed at 0 C. Finally, mention should be made regarding the relatively weak cross-linking observed. The most likely reason is that the reaction of a homobifunctional reagent with each Cys residue individually, thereby blocking cross-linking, is probably faster than the reaction of a single molecule of reagent with both Cys residues in a given pair. To an extent, low ef®ciency may also be due in part to oxidation of one or both of the Cys residues involved. This possibility is consistent with the observation that more ef®cient cross-linking is observed with intact, EDTA-treated cells. In addition, there are a number of other reasons that might be taken into consideration. 47 ) sup E44 rel A1 lac ) was used as host for transformation of the products of sub-cloning.
Materials and Methods

Materials
, rpsL met thr recA hsdMR) 49 was used for transport assays and cross-linking experiments. All Cys-replacement mutants were constructed in plasmid pT7-5 encoding cassette Cys-less LacY. 50 
Construction of mutants
Construction of Cys-less LacY containing a discontinuity in loop VII/VIII between Gly254 and Glu255 (N 7 /C 5 split LacY; Figure 1 , bottom) has been described. 41 Double-Cys mutants were constructed by cloning the PstI/AgeI fragment, which contains given single Cys mutants in helix VII, and the KpnI/SpeI fragment, which contains given single Cys mutants in helix X, from the single-Cys mutant library in plasmid pT7-5, 51 into split LacY by restriction fragment replacement. Sequences of all the mutants were con®rmed by double-stranded DNA sequencing by using the dideoxynucleotide chain termination method. 52 Growth of cells
À ) transformed with plasmid encoding given mutations was grown aerobically at 37 C in Luria-Bertani broth containing ampicillin (100 mg/ml). Overnight cultures of cells were diluted 20-fold and grown for two hours prior to induction with 0.5 mM IPTG. After an additional two hours of growth, cells were harvested by centrifugation.
Active transport
Cells were washed with 100 mM potassium phosphate (KP i (pH 7.5))/10 mM MgSO 4 and adjusted to an A 420 of 10 in the same solution (ca. 0.7 mg protein/ml). Transport of 0.4 mM [1-
14 C]lactose (2.5 mCi/mmol) was assayed at 25 C by rapid ®ltration using 0.4 mm glass ®ber ®lters. 53 
Membrane preparation
Cells from 100 ml cultures were resuspended in 20 mM Tris-HCl (pH 7.5)/5.0 mM EDTA. Membranes were prepared by soni®cation as described 54 and suspended in 20 mM Tris-HCl (pH 7.5).
Protein assays
Protein concentration was determined by using a Micro BCA kit obtained from Pierce (Rockford, IL) with bovine serum albumin as a standard.
Cross-linking
Cross-linking was carried out by adding (®nal concentrations) 0.05 mM MTS-1-MTS or 0.5 mM o-PDM or p-PDM to membrane preparations at a protein concentration of 1 mg/ml. 18 Samples were incubated at 0 C for different time. Reactions with MTS-1-MTS were terminated by addition of 5 mM N-ethylmaleimide (NEM), and reactions with o-PDM or p-PDM were terminated by addition of 10 mM dithiothreitol (DTT) at given time. All samples were mixed with SDS sample buffer and subjected to SDS-12 % (w/v) polyacrylamide gel electrophoresis. Proteins were electroblotted onto polyvinylidene di¯uoride membranes (Immobilon-PVDF; Millipore Filter Corp., Bedford, MA) and probed with anti-Cterminal antibody and protein A-conjugated HRP. 55 Results of blots were quanti®ed with a ChemiImager 2 (Alpha Innotech, Co., San Leandro, CA).
In vivo cross-linking was carried out with EDTA-treated cells. After quenching the reactions with 10 mM DTT, cells were washed with 100 mM KP i (pH 7.5)/ 10 mM MgSO 4 and resuspended in the same solution to a concentration of 0.7 mg protein/ml. One portion of cells was assayed for transport activity in the presence of 0.2 mM phenazine methosulfate and 20 mM ascorbic acid under oxygen with [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]lactose (2.5 mCi/mmol) at a ®nal concentration of 0.4 mM. The remainder was used to prepare membranes as described that were subjected to immunoblotting in order to measure crosslinking.
